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[57] ABSTRACT 

An improved method of operating a gas turbine engine 
is presented wherein engine-generated noise is main- 
tained at a reduced level during reduced thrust opera- 
tion. Fan speed is maintained at a constant level while 
fan nozzle area is increased. This maintains high inlet 
Mach numbers for reduced forward noise propagation 
and also permits reduced nozzle exhaust velocity for 
reduced shear noise. In another embodiment, airflow is 
increased by means of a fan blade pitch change or speed 
increase while the fan nozzle area is increased, yielding 
both a net reduction in engine thrust and noise. 


9 Claims, 5 Drawing Figures 
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bofan engine wherein noise is minimized during re- 
VARIABLE THRUST NOZZLE FOR QUIET duced thrust operation. 

TURBOFAN ENGINE AND METHOD OF It is a further object of the present invention to pro- 

OPERATING SAME vide a method of reducing gas turbofan engine thrust 


The invention herein described was made in the per- 
formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435; 42 USC 2457). 10 

BACKGROUND OF THE INVENTION 

This invention relates to gas turbine engines and, 
more particularly, to an improved method of operating 
same for reduced noise levels. 15 

Subsonic performance improvement of a jet engine 
may be obtained by incorporating a fan which is, in 
essence, analogous to a shrouded propeller. The fan is 
disposed in a duct and rotatably driven by a shaft con- 
nection with a core engine and serves to pass a large 20 
volume of air through the duct, thereby increasing 
overall thrust. Thrust is proportional to, among other 
parameters, the amount of air moved and its velocity. 
Though the velocity of the air exiting the fan duct is 
low compared to that exiting the core engine, the fan 1 
often moves many times as much air as the core engine 
and is, therefore, the most significant contributor to 
turbofan engine thrust. 

Simply stated, the problem is that gas turbine engines 
make noise, sometimes more noise than is environmen- 
tally desirable. The noise sources are varied and com- 
plex, but two substantial contributors are blade passing 
noises propagating forward out of the engine inlet and 
the noises caused by the viscous shearing between the 35 
exhaust gases and the relatively quiescent surrounding 
atmosphere. Complete solution of the problem has been 
evasive, but much effort is being expended toward that 
goal. In particular, it is desirable to reduce engine noise 
while an aircraft is airborne and in close proximity to 40 
the ground, such as during approach and landing opera- 
tions. 

Ideally, a choked inlet (Mach number equals 1) 
would prevent engine internally generated noise such as 
blade passing noise, from propagating forward. The 45 
principle employed is that an acoustic wave cannot 
propagate upstream against a Mach one flow since the 
wave itself can only travel at Mach one. However, a 
choked inlet is inefficient and produces performance 
problems. Therefore, it is preferred to use high subsonic 50 
inlets which, though less effective acoustically, are 
more efficient aerodynamically. The lower the inlet 
Mach number, the less acoustic suppression in the for- 
ward direction. Thus, on aircraft approach when the 
engine is throttled back, two significant acoustic devel- 55 
opments occur. First, since the exhaust velocity is de- 
creased, the shearing noise diminishes. Secondly, how- 
ever, the decreased inlet Mach number causes reduced 
forward noise suppression and a possible net increase in 
overall engine-generated noise levels. 60 

The problem facing the engine manufacturer, there- 
fore, is to develop a method of operating a gas turbofan 
engine in a reduced thrust mode wherein both inlet and 
exhaust-related noise are maintained at a reduced level. 

SUMMARY OF THE INVENTION 65 

Accordingly, it is the primary object of this invention 
to provide an improved method of operating a gas tur- 


without increasing the engine noise level. 

It is still a further object of this invention to reduce 
engine noise while holding engine thrust essentially 
constant. 

These and other objects and advantages will be more 
clearly understood from the following detailed descrip- 
tion, drawings and specific examples, all of which are 
intended to be typical of rather than in any way limiting 
on the scope of the present invention. 

Briefly stated, the above objectives are accomplished, 
in one embodiment, by increasing the fan exhaust nozzle 
exit area while maintaining fan rotational speed. The 
inlet Mach number remains unchanged since the inlet 
airflow is constant, while the exhaust velocity (which is 
inversely proportional to fan nozzle exit area) is de- 
creased. In another embodiment, fan airflow is in- 
creased by means of a fan blade pitch change or rota- 
tional speed increase while the fan nozzle area is in- 
creased in a compensating manner to yield both a net 
reduction in engine thrust and noise. 

DESCRIPTION OF THE DRAWINGS 

While the specification concludes with claims partic- 
ularly pointing out and distinctly claiming the subject 
matter which is regarded as part of the present inven- 
tion, it is believed that the invention will be more fully 
understood from the following description of the pre- 
ferred embodiments which is given by way of example 
with the accompanying drawings in which: 

FIG. 1 is a simplified, cross-sectional view of a typi- 
cal high bypass turbofan engine; 

FIG. 2 is an enlarged view of the van nozzle portion 
of the engine of FIG. 1; 

FIG. 3 is a series of graphs depicting significant en- 
gine parameters during engine operation according to 
the improved method of the present invention; 

FIG. 4 is a graph depicting inlet Mach number as a 
function of engine thrust level with and without in- 
creased exhaust nozzle area; and 

FIG. 5 is a graph, similar to FIG. 4, depicting exhaust 
duct velocity as a function of engine thrust level with 
and without increased exhaust nozzle area. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring the drawings wherein like numerals corre- 
spond to like elements throughout, reference is first 
directed to FIG. 1, wherein an engine depicted gener- 
ally at 10 embodying the present invention is diagram- 
matically shown. This engine may be considered com- 
prising generally a core engine 12, a fan assembly 14 and 
a fan turbine 16 which is interconnected to the fan as- 
sembly 14 by shaft 18. The core engine 12 includes an 
axial flow compressor 20 having a rotor 22. Air enters 
inlet duct 24 and is initially compressed by fan assembly 
14. A first portion of this compressed air enters the fan 
bypass duct 26 defined, in part, by core engine 12 and a 
circumscribing fan nacelle 28 and discharges through a 
variable area fan nozzle 30. A second portion of the 
compressed air enters core engine inlet 32, is further 
compressed by the axial flow compressor 20 and then is 
discharged to a combustor 34 where fuel is burned to 
provide high energy combustion gases which drive a 
turbine 36. The turbine 36, in turn, drives the rotor 22 



4,068,469 


3 

through a shaft 38 in the usual manner of a gas turbine 
engine. The hot gases of combustion then pass to and 
drive the fan turbine 16 which, in turn, drives the fan 
assembly 14. A propulsive force is thus obtained by the 
action of the fan assembly 14 discharging air from the 5 
fan bypass duct 26 through the fan nozzle 30 and by the 
discharge of combustion gases from a core engine noz- 
zle 40 defined, in part, by plug 42. The above descrip- 
tion is typical of many present-day gas turbine engines 
and is not meant to be limiting, as it will become readily 10 
apparent from the following description that the present 
invention is capable of application to any gas turbofan 
engine and is not necessarily restricted to gas turbine 
engines of the front fan, core engine driven variety. The 
foregoing description of the operation of the engine 15 
depicted in FIG. 1 is, therefore, merely meant to be 
illustrative of one type of application. 

Referring now to FIG. 2 wherein the fan nozzle area 
of FIG. 1 is depicted in greater detail, it is shown that 
nozzle 30 is of the variable area variety and is defined by 20 
cooperating core engine 12 and flaps 44 which form the 
downstream extremity of the fan nacelle 28. Flaps 30 
are positionable through a plurality of positions by 
means of any currently available actuating means 46 and 
linkage mechanism 48. A preferred arrangement for the 25 
flaps and actuating means is taught and claimed in co- 
pending U.S. patent application Ser. No. 573,029 which 
is assigned to the same assignee as the present invention 
and the disclosure of which is incorporated herein by 
reference. 

Heretofore, engine thrust was changed by moving 
the engine throttle and thereby varying the fan and core 
engine rotational speeds, and by varying the pitch angle 
of the fan blades. In either of these methods, the engine 
thrust can be reduced from a maximum value only by 35 
reducing the amount of airflow through the fan. Conse- 
quently, with the reduction in airflow through inlet 24 
there is a corresponding increase in amount of noise 
propagating forward from the inlet since the inlet Mach 
number has decreased. The principle employed is that 40 
an acoustic wave cannot propagate against a Mach one 
(sonic) flow. However, where the flow velocity is less 
than Mach one, the wave will propagate forward, but 
its velocity is reduced by opposing flow velocity as has 
been demonstrated. 

In the present invention the thrust is reduced from a 
maximum value by opening the fan nozzle while main- 
taining the fan airflow level. Since thrust is proportional 
to both the amount of air moved and its velocity 
(among other parameters), and velocity is inversely 50 
proportional to area in subsonic flow, the reduction in 
nozzle flow velocity will reduce engine thrust. How- 
ever, any thrust less than maximum will be developed 
with maximum fan flow, thus yielding a maximum inlet 
Mach number to prevent noise radiations out of the 55 
inlet. Typical gas turbofan engine fan nozzles are con- 
toured such that there is an area convergence of approx- 
imately 30 percent between the area A' at the down- 
stream end of the fixed duct portion of nacelle 28 (or, 
conversely, the generally constant area inlet to flaps 44 ) 60 
and the area A defined at the downstream end of mov- 
able nozzle flaps 44. Typically, where fixed fan nozzles 
are employed, the nozzle area is necessarily sized as a 
compromise between the optimum cruise position and 
the more open optimum take-off (T.O.) position (FIG. 65 
2) of the flight envelope. Thus, in a fixed area nozzle, 
flaps 44 would not be movable and the fan area would 
be permanently fixed as that depicted as A, clearly a 
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compromise between the take-off and cruise conditions. 
In a variable area fan nozzle such as that of FIG. 2 
wherein flaps 44 are movable, the flaps are usually 
scheduled by a control means (not shown) between the 
optimum take-off and optimum cruise positions as a 
function of engine operating condition. Typically, the 
movement of flap 44 produces an area change no 
greater than about 3 percent of the compromised area 
denominated A. However, this small amount of varia- 
tion is adequate to optimize engine performance 
throughout the flight envelope. 

The present invention is directed toward a scheme 
wherein the nozzle flaps 44 are opened far in excess of 
any known nozzles and opened beyond that position 
dictated by optimum cycle considerations. In fact, an 
engine operating a nozzle in the manner of the present 
invention will not be as efficient in the approach mode 
as existing nozzle configurations, but it will be signifi- 
cantly quieter. 

The method of operation according to the present 
invention includes opening the fan nozzle flaps 44 from 
their position shown by solid lines (and in which they 
define area A) in FIG. 2 to a reduced thrust position 
shown in phantom and having a larger area A" asso- 
ciated therewith. The area increase is at least 5 percent 
greater than the area A which would be established by 
fixed position nozzle flaps (i.e., convergence is limited 
to approximately 25 percent), and may be slightly 
greater than that area A' of the fixed duct portion of 
30 nacelle 28. This large increase in nozzle area and asso- 
ciated decrease in area convergence produces a rapid 
decrease in exhaust velocity which, in turn, significantly 
reduces overall engine thrust while producing a modest 
increase in airlet airflow. If the exhaust nozzle flaps 44 
are opened up to an area greater than that of A', diffu- 
sion will occur through the variable flaps portion of the 
nozzle and it is possible that the pressure of the exhaust 
stream at the nozzle discharge plane would be less than 
the amibent pressure, in which case a negative thrust (or 
drag) would be produced. This phenomenon is most 
significant at high Mach numbers. To avoid flow sepa- 
ration through the variable flap portion of the nozzle, 
the maximum discharge area should be limited to value 
not much greater than that at the inlet to the variable 
45 position flap 44 . As a result of increasing the nozzle area 
to a value significantly greater than A, the area of a 
comprised fixed position nozzle, the inlet velocity re- 
mains sustantially unchanged (since fan speed remains 
essentially constant) while exhaust velocity is reduced, 
thereby reducing exhaust shear noise. 

FIGS. 4 and 5 graphically depict the change in inlet 
Mach number and fan exhaust velocity, respectively, 
with changes in engine thrust level. As previously dis- 
cussed, engines are designed at a maximum speed oper- 
ating condition (usually take-off) with a corresponding 
optimum fan nozzle area. The solid lines of FIGS. 4 and 
5 represent the locus of points as the throttle is retarded 
from the design point of 100 percent power level while 
holding the nozzle area at a representative constant 
value of A, for example. At the maximum power level, 
the fan flow is greatest and thus the inlet throat Mach 
number is maximized. Inlet throat Mach numbers in the 
order of .8 are considered maximum for efficient inlet 
recovery and performance. 

In accordance with the present invention, when an 
aircraft is on landing approach and it is desired to re- 
duce thrust, inlet Mach number and inlet noise suppres- 
sion may be maintained at a given level by increasing 
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the fan nozzle area to that of A" (FIG. 2) .which is 
manifested by traveling along path B - C of FIG. 4. In 
this manner, the inlet throat Mach number remains 
essentially constant while thrust is reduced. If the, throt- 
tle is retarded at constant area A", the inlet throat Mach 5 
number would track along a path typically represented 
by the dashed curve of FIG. 4. 

Simultaneously, the exhaust velocity trend tracks 
along line B - C of FIG. 5 as the nozzle area is increased 
from A to A". Since the exhaust velocity migrates to a 10 
lower value, exhaust shear noise is reduced. Thus, it 
becomes apparent in FIGS. 4 and 5 that increasing the 
fan nozzle flow area reduces both engine thrust and 
engine noise, 

A possibility exists for reducing noise levels even 15 
further. Though inlet Mach numbers in the order of .8 
are typically considered maximum for efficient engine 
cruise operation, it may prove feasible to permit limited 
excursions to higher inlet Mach numbers since higher 
Mach numbers may be tolerated on approach where 20 
engine performance is compromised by acoustic consid- 
erations. For example, an increase in fan airflow may be 
accomplished through the use of a moderate throttle 
push (if mechanical considerations permit) or a change 
in pitch of variable pitch fan blades contemporaneous 25 
with an increase in fan nozzle area. A suitable variable 
pitch fan actuation system is described in copending 
U.S. patent application Ser. No. 579,375, Griswold et al, 
filed May 21, 1975, U.S. Pat. No. 3,994,128, and which 
is assigned to the assignee of the present invention. As is 30 
well known in the art, the pumping capability of a fan or 
propeller can be varied by changing the pitch of the fan 
blades, i.e., rotating the blades in unison about their 
radial axes. Thus, the inlet Mach number may be in- 
creased by varying the pitch of the fan blades in con- 35 
junction with, or instead of, changing fan rotational 
speed. In either case, the excursion would be along a 
path such as B - D of FIGS. 4 and 5 resulting in a higher 
inlet Mach number. Though the shear noise reduction is 
slightly compromised, this is more than offset by the 40 
reduction in inlet forward propagating noise. Once the 
engine cycle parameters are established, it becomes 
possible to schedule the nozzle area and inlet Mach 
number variations in such a predetermined relationship 
as to produce a reduction in engine thrust and noise. 45 
Such scheduling may be accomplished by any of several 
known control schemes. 

The present invention also offers the possibility of 
maintaining a given engine thrust level while simulta- 
neously reducing engine noise. For example, where 50 
limited fan speed excursions above the design point are 
possible, the increased flow associated therewith could 
compensate for the reduced velocity associated with 
opening the fan nozzle. Consider FIG. 3 wherein is 
graphically depicted certain characteristics of several 55 
significant turbofan parameters as fan nozzle area is 
increased while holding engine net thrust constant. As 
shown first in FIGS. 3A and 3B, as fan nozzle exhaust 
area is increased, fan and core engine speed (rpm) both 
increase through a throttle advance to hold thrust. This 60 
is necessary since an increased airflow is required to 
offset the reduced exhaust velocity. The increased air- 
flow results in an increased inlet Mach number as de- 
picted in FIG. 3C since the inlet is of a fixed area vari- 
ety. This greatly enhances inlet noise attenuation as 65 
previously discussed. Furthermore, in spite of the in- 
creased airflow, fan exhaust nozzle exit velocity is de- 
creased (FIG. 3D) since the increased fan nozzle area 
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more than compensates for the increased airflow due to 
the throttle advance. Thus, a method of reducing noise 
in a gas turbofan engine while holding thrust constant 
would include the steps of increasing the fan nozzle area 
and increasing fan airflow as through a fan rotational 
speed increase. 

It should be obvious to one skilled in the art that 
certain changes can be made to the above-described 
invention without departing from the broad inventive 
concepts thereof. For example, though the preferred 
embodiment depicts increasing fan nozzle area by 
means of variable position flaps, other known schemes 
could be employed. These include translating flaps, 
blow-out doors, etc. It is intended that the appended 
claims cover these and all other variations in the present 
invention’s broader inventive concepts. 

Having thus described the invention, what is consid- 
ered novel and desired to be secured by Letters Patent 
of the United States is: 

1. A method of operating an aircraft gas turbofan 
engine in a forward flight mode including the steps of: 

pressurizing air flowing through a stage of rotating 
fan blades disposed within an inlet duct; 
passing a portion of the air through an annular bypass 
duct of generally fixed geometry; 
discharging said portion through a nozzle of the type 
having a generally constant inlet area and variable 
exit area; and 

modulating the nozzle exit area from a first value 
associated with a flight cruise operating condition 
which is convergent with respect to the nozzle 
inlet to a second value which is at least five percent 
greater than the first value, thereby reducing en- 
gine thrust and noise; and wherein fan blade rota- 
tional speed is essentially constant. 

2. A method of operating an aircraft gas turbofan 
engine in a forward flight mode including the steps of: 

pressurizing air flowing through a stage of rotating 
fan blades disposed within an inlet duct; 
passing a portion of the air through an annular bypass 
duct of generally fixed geometry; 
discharging said portion through a nozzle of the type 
having a generally constant inlet area and variable 
exit area; and 

modulating the nozzle exit area from a first value 
associated with a flight cruise operating condition 
which is convergent with respect to the nozzle 
inlet to a second value which is at least five percent 
greater than the first value, thereby reducing en- 
gine thrust and noise; and wherein the inlet duct 
Mach number is essentially constant. 

3. A method of operating an aircraft gas turbofan 
engine in a forward flight mode including the steps of: 

pressurizing air flowing through a stage of rotating 
fan blades disposed within an inlet duct; 
passing a portion of the air through an annular bypass 
duct of generally fixed geometry; 
discharging said portion through a nozzle of the type 
having a generally constant inlet area and variable 
exit area; 

modulating the nozzle exit area from a first value 
associated with a flight cruise operating condition 
which is convergent with respect to the nozzle 
inlet to a second value which is at least five percent 
greater than the first value; and 
increasing the Mach number of the air flowing 
through the inlet duct, thereby reducing forward 
propagating noise. 
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4. The method of claim 3 wherein the increase in 
Mach number is accomplished by increasing fan blade 
rotational speed. 

5. The method of claim 3 wherein the increase in 
Mach number is accomplished by changing the pitch of 
the fan blades. 

6. A method of operating an aircraft gas turbofan 
engine in a forward flight mode including the steps of: 

pressurizing air flowing through a stage of rotating 
fan blades disposed within an inlet duct; 

passing a portion of the air through an annular bypass 
duct of generally fixed geometry; 

discharging said portion through a nozzle of the type 
having a generally constant inlet area and variable 
exit area; and 

modulating the nozzle exit area from a first value 
associated with a flight cruise operating condition 
which is convergent with respect to the nozzle 
inlet to a second value associated with a landing 
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approach operating condition which is at least five 
percent greater than the first value, thereby reduc- 
ing engine thrust and noise. 

7. The method of claim 6 wherein the second value of 
5 nozzle exit area is generally between five and thirty 

percent greater than the first value of nozzle exit area. 

8. The method of claim 6 wherein the first value of 
nozzle exit area is established such that the flow area 
converges approximately thirty percent from the inlet 

10 to the exit of the variable area nozzle and wherein the 
second value of nozzle exit area is established such that 
the flow area distribution through the variable area 
nozzle is substantially constant. 

9. The method of claim 8 wherein the second value of 
15 nozzle exit area is established such that the flow area 

distribution through the variable area nozzle is diver- 
gent to the extent that the airflow is diffused without 

separation within the nozzle. 
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